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Abstract
We investigate production of fermionic dark matter χ via pp →
pγp→ pjχχ¯X mediated by a leptophobic spin-1 particle, where one of
the protons remains intact and is tagged by forward detectors. We find
that the masses of χ and Y are severely constrained when Y interacts
with χ and quarks through the vector couplings. We show that the
dark matter search in this production channel has sensitivity for the
mediator mass mY . 1.4 TeV at the 14 TeV LHC with the integrated
luminosity Lint = 3000 fb
−1. The lower mass bound on the dark matter
is mχ & 550 GeV at the mediator mass mY = 1.2 TeV.
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1 Introduction
The existence of dark matter (DM) motivates us to explore physics beyond the Standard
Model (SM). Although there are lots of new physics models which explain the origin of
DM, simplified models of dark matter have been adopted as benchmark scenarios to study
the DM search strategies at the LHC [1]. Following the recommendations for conducting
the systematic DM searches by the LHC Dark Matter Working Group [2–6], constraints
on simplified DM models based on the LHC Run-I and Run-II data have been studied for
spin-0 [7–15], spin-1 [7–9,13,16–25], and spin-2 mediators [26–32].
At the LHC, in addition to the central detectors, forward detectors with proton tagging
are installed such as ATLAS Forward Proton detector [33] and CMS-TOTEM Precision
Proton Spectrometer (CT-PPS) [34]. These forward detectors enable us to study processes
with photons in the initial state which are induced from initial protons. Although such non-
QCD processes might give us new strategies to look for DM at the LHC, the feasibility of
searching for simplified DM models using the forward detectors has not been fully examined
yet.
The forward detectors are installed symmetrically at 210 m from the interaction point in
the CMS and at 220 m in the ATLAS experiments. These forward detectors detect intact
protons with the momentum fraction loss
ξ ≡ |~p| − |~p
′|
|~p| , (1)
where ~p and ~p ′ denote the momentum of an initial proton and that of a forward proton
after elastic photon emission, respectively. The acceptance of forward detector on ξ in both
ATLAS and CMS is [35]
0.015 < ξ < 0.15. (2)
Possibilities to search for new physics beyond the SM via forward detectors have been dis-
cussed in e.g., [35–75].
In this article, we study the feasibility to look for signatures or constraints on the simpli-
fied DM model with the fermionic DM and the spin-1 mediator using the forward detectors.
The fermionic DM χ does not interact with the SM particles directly, while a spin-1 mediator
Y couples to both the DM and the SM particles. Since a massive vector boson is strongly
constrained at the LHC through the resonance search in the dilepton channel [76, 77], we
restrict ourselves to consider the case of leptophobic vector mediator.
The production process of the DM in our study is
pp→ pγp→ pjχχ¯X, (3)
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Figure 1: The DM pair production process (left) and the SM background process (right)
at the LHC with proton tagging at the forward detector.
where the DM χ is the Dirac fermion and j = u, d, c, s, b (and their anti-particles). The main
background process is
pp→ pγp→ pjνν¯X, (4)
where νν¯ is summed over three flavors of neutrinos. We depict the DM production process
and the SM background process in Fig. 1. In both signal and background processes, a
quasi-real photon γ is emitted from a proton and scattered with a parton in the proton
coming from the opposite direction. The proton which emits the quasi-real photon does not
dissociate into partons but loses its momentum and finally detected by the forward detector.
The momentum fraction loss of the intact proton is estimated by ξ in eq. (1). As will be
shown later, the SM background events could be reduced sizably by appropriate cuts on ξ.
The DM production process (3) via forward detectors is investigated in [61] based on the
Effective Field Theory (EFT) framework. In the EFT approach, pair production of DM is
given by contact interaction operators, so it is a good approximation only when the mediator
mass is heavy enough as compared to the energy scale at the LHC. On the other hand, in
simplified DM models, the DM pair is produced by the mediators so that the lower mass
region of the mediator can be analyzed.
This article is organized as follows. In Sec. 2, we briefly review a simplified DM model
with a leptophobic vector mediator. The numerical analysis of the signal and background
processes are given in Sec. 3. Constraints on the model parameters are shown in Sec. 4.
Section 5 will be devoted to a summary.
3
2 Model
In this section, we briefly review the interactions of the DM χ and the leptophobic spin-
1 mediator Y in the simplified DM model [78]. The interaction Lagrangian of the spin-1
mediator Y and a fermion ψ is given by
LYint = ψγµ(gVψ + gAψγ5)ψYµ, (5)
where gVψ and g
A
ψ denote vector and axial-vector couplings of the mediator Y for ψ, respec-
tively. Since the mediator Y is leptophobic in our study, the fermion ψ in eq. (5) represents
the fermionic DM χ and quarks q(= u, d, c, s, b, t). Then, the production process of the DM
(3) could be studied quantitatively by the following model parameters – the dark matter
mass mχ, the mediator mass mY and the couplings of fermions g
V
ψ and g
A
ψ . Throughout our
study, we consider that vector and axial-vector couplings of quarks to the mediator, gVq and
gAq , are generation independent for simplicity.
We study constraints on mχ and mY from the process (3) based on three reference
scenarios for the interactions of the mediator Y :
(i) vector couplings only (“vector scenario”)
gVχ = 1.0, g
A
χ = 0.0, g
V
q = 0.25, g
A
q = 0.0, (6)
(ii) axial-vector couplings only (“axial-vector scenario”)
gVχ = 0.0, g
A
χ = 1.0, g
V
q = 0.0, g
A
q = 0.25, (7)
(iii) combination of vector and axial-vector couplings (“mixed scenario”)
gVχ =
1√
2
, gAχ =
1√
2
, gVq =
1
4
√
2
, gAq =
1
4
√
2
, (8)
where values of couplings in (6) and (7) are adopted from benchmark scenarios by the LHC
Dark Matter Working Group (DMWG) [5].
3 Numerical Analysis
We show parton-level Feynman diagrams for the signal process (3) and a primary background
process (4) in Fig. 2(a) and (b), respectively. The collider signature of these processes are
a jet plus missing energy with the intact proton detected at the forward detector. There
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—Figure 2: Parton level Feynman diagrams for the signal (a) and the SM background (b).
Here q = u, d, c, s, b, u¯, d¯, c¯, s¯, and b¯ and ν = νe, νµ, and ντ .
is another SM background process pp → pγp → pjνν¯νν¯X. This cross section is, however,
about 2000 times smaller than the leading background process pp→ pγp→ pjνν¯X so that
it is quantitatively negligible.
We employ MadGraph5 aMC@NLO [79] to generate parton-level events both for the
signal and background processes with NNPDF2.3 [80]. The interactions of the spin-1 medi-
ator and fermions (DM and quarks) are implemented by using the spin-1 DMsimp model-
file [81]. The flux of quasi-real photons emitted from a proton via the equivalent photon
approximation [82] is implemented in MadGraph5 aMC@NLO, in which fully elastic
contributions are taken into account.
In the following study, we fix the center-of-energy
√
s = 14 TeV and the integrated
luminosity Lint = 3000 fb
−1. The survival probability of proton (S) after the photon emission
is set by S = 0.7. As minimal event selections, we impose cuts on the transverse momentum
pjT and pseudorapidity η
j for the jet as
pjT > 200 GeV, |ηj| < 3.0. (9)
At the parton-level analysis, the cut pjT > 200 GeV in eq. (9) is equivalent to the selection
cut on the missing transverse energy /ET > 200 GeV.
5
—Figure 3: The pjT distributions of pp→ pγp→ pjχχ¯X at
√
s = 14 TeV and Lint = 3000 fb
−1:
(a) the vector scenario, (b) the axial-vector scenario, (c) the mixed scenario. The vector and
axial-vector couplings of Y for (a)-(c) are given in eqs. (6)-(8). Three lines in each figure
correspond to (mY ,mχ) = (500 GeV, 200 GeV) (solid), (1 TeV, 200 GeV) (dashed), and
(1 TeV, 400 GeV) (dotted), respectively. The shaded region indicates the distribution of the
SM background events.
In Fig. 3 (a)-(c), we show the pjT distributions of the signal process (3) in the simplified
DM model with the spin-1 mediator for three scenarios (6), (7), and (8), respectively. In
each figure, solid, dashed, and dotted lines correspond to (mY ,mχ) = (500 GeV, 200 GeV),
(1 TeV, 200 GeV), and (1 TeV, 400 GeV), respectively. We used the vector and axial-vector
couplings for quarks and the DM in (6), (7), and (8) for each scenario. The pjT distribution
of the SM background process (4) is also shown by the shaded region for comparison in
each figure. No significant difference of pjT -distributions between the signal and background
events is found after applying the cut pjT > 200 GeV.
Next, we show the ξ distributions of the signal and background processes in Fig. 4. The
shaded region in each figure indicates the SM background. Three lines in Fig. 4(a),(b), and
6
—Figure 4: The ξ-distribution of the signal process pp→ pγp→ pjχχ¯X at √s = 14 TeV and
Lint = 3000 fb
−1. The parameter sets in (a), (b), and (c) are the same with Fig. 3 (a) (b),
and (c). In (d), the same values of couplings with (a) are used, and three lines indicate mY =
500 GeV (solid), 1 TeV (dashed), and 1.5 TeV (dotted) with mχ = 200 GeV respectively.
(c) are obtained by the same input values of mY and mχ with those in Fig. 3. We compare
the ξ-distribution for three different mass of Y , mY = 0.5 TeV, 1 TeV, and 1.5 TeV with
mχ = 200 GeV in Fig. 4(d). As seen in the figure, increasing mY moves the maxima of
distribution to high ξ. On the other hand, the background distribution has a peak at low ξ.
We, therefore, impose the lower cut on ξ to reduce the SM background events at small ξ. In
the following analysis, we adopt the selection cut on ξ as
0.05 < ξ < 0.15, (10)
where the upper cut on ξ is determined by the acceptance of the forward detectors in eq. (2).
It is known that the pile-up events are also significant backgrounds in addition to the SM
process (4), but it is beyond our scope in this paper. For some ideas to separate the pile-up
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Figure 5: The 95 % CL exclusion limits in the mY -mχ plane. The solid, dotted, and dashed
lines correspond to the vector scenario (6), the axial-vector scenario (7), and the mixed
scenario (8), respectively.
events from the signal events, see [35,70].
4 Constraints using proton tagging at the forward de-
tectors
In this section, we investigate constraints on the parameter space of the simplified DM
model with the leptophobic spin-1 mediator using proton tagging at the forward detector.
The exclusion limits on the model parameters (mY ,mχ) are imposed by assuming a null
observation. We calculate NS/
√
NB scanning over the mediator mass mY and the DM mass
mχ, where NS and NB are the number of signal and background events, respectively. The
lower limits on mY and mχ at the 95 % confidence level (CL) are determined by requiring
NS/
√
NB > 1.96. After the selection cuts on the kinematical variables shown in Sec. 3, we
find NB = 2304 for
√
s = 14 TeV with the integrated luminosity Lint = 3000 fb
−1. This
event number allows a reasonable estimate for statistical uncertainty.
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We show the exclusion limits on the model parameters (mY ,mχ) in Fig. 5 for three
scenarios on the interaction of Y in Sec. 2. The solid, dotted, and dashed curves represent
the limits for the vector scenario (6), the axial-vector scenario (7), and the mixed scenario
(8), respectively. It can be seen from the figure that the limit on (mY ,mχ) is stronger in
order of couplings, (6), (8), and (7). This result is consistent with the signal event number
distributions in Sec. 3. The figure also tells us that the mediator mass mY . 1.4 TeV is
excluded at 95% CL for all scenarios when the DM mass is relatively small. On the other
hand, the lower mass bound on the DM χ can be summarized as follows:
• the vector scenario (6)
mχ & 550 GeV (mY = 1.2 TeV) (11)
• the axial-vector scenario (7)
mχ & 400 GeV (mY = 1.1 TeV) (12)
• the mixed scenario (8)
mχ & 500 GeV (mY = 1.1 TeV) (13)
The limits on the DM mass for the vector scenario (11) and the axial-vector scenario (12)
are weaker than those from an energetic-jet analysis [25, 83]. On the other hand, it has not
been studied the limit on the DM mass in the mixed scenario at the LHC so far. The recent
combined result of dijet invariant-mass searches at ATLAS and CMS gives the lower mass
bound on Y as mY & 5 TeV [84] which is much stronger than our result on mY .
Throughout this paper, we have not discussed any astrophysical constraints on the sim-
plified DM models. For constraints on the model parameter space from these observations
or experiments, see [83–86]. The relic density constraints from the Planck satellite experi-
ment show strong limit on the parameter space for the axial-vector scenario (12), wheres the
direct detection constraints give severe limits on the parameter space for the vector scenario
(11) [83]. Constraints from the indirect detections on the simplified DM models are known
as unimportant when DM mass mχ & 50 GeV [84,86].
5 Summary
We have studied the feasibility to search for the simplified DM model with the leptophobic
vector-mediator using the forward detectors at the LHC. In our study, we investigated the
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fermionic DM χ production process pp → pγp → pjχχ¯X, based on three scenarios for the
interactions of the mediator Y with quarks q or the DM χ. In the first scenario (“vector
scenario”), Y couples to quarks q and χ through vector couplings gVq and g
V
χ , respectively.
These vector-type interactions are replaced by the axial-vector interactions with couplings
gAq and g
A
χ in the second scenario (“axial-vector scenario”). Both vector and axial-vector
couplings co-exist in the third scenario (“mixed scenario”).
We found that the selection cut on ξ, which is defined as a momentum fraction loss of
intact proton detected at the forward detectors, is very useful to reduce the background
events efficiently. Taking account of event selection conditions, constraints on the model
parameter space at the LHC were obtained for
√
s = 14 TeV and the integrated luminosity
Lint = 3000 fb
−1. The lower bound on the mediator mass mY at the 95% CL is about
1.4 TeV and no significant difference in the lower bound among the three scenarios is found.
The lower limit on the DM mass at the 95% CL is given as mχ & 550 GeV at mY = 1.2 TeV
for the vector scenario, mχ & 400 GeV at mY = 1.1 TeV for the axial-vector scenario, and
mχ & 500 GeV at mY = 1.1 TeV for the mixed scenario, respectively.
The processes which we studied in this paper is not the conventional QCD process at the
LHC. The forward detectors at the LHC provide us opportunities to test new photon-induced
processes and might give a chance to look for physics beyond the SM.
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